Channeling of a 450 GeV/c proton beam through a bent Silicon crystal has found a novel application to the production of simultaneous particle beams. A pair of simultaneous, nearly-collinear beams of long-and short-lived neutral kaons has thereby been derived. These beams form an integral part of an experiment, NA48, at CERN, designed to measure the CP-violation parameter ε'/ε with high precision.
INTRODUCTION
A pair of simultaneous, nearly-collinear beams of long-and short-lived neutral kaons forms an integral part of an experiment, NA48, at the CERN Super-Proton-Synchrotron (SPS), designed to measure the CP-violation parameter ε '/ε with high precision [1] . The principle of the measurement depends on comparing the relative decay rates into two neutral and into two charged pions of long-and short-lived neutral kaons (K L and K S, respectively) 1 . To reduce systematic differences, the two decay modes from each of the two kaon beams are detected simultaneously. The K L and K S beams are derived from protons striking two separate targets, spaced 120 m apart longitudinally. The two kaon beams enter a common decay volume, which leads to a series of detectors specialised in recording the charged pions and the photons resulting from decay of the neutral pions. The layout of the beams and detectors is described in Section 2.
In this context, the phenomenon of channeling in a bent crystal finds a novel application. When charged particles pass through a mono-crystal at an angle close to a crystallographic direction (axis or plane), the coherent scattering on the lattice nuclei forces the particles to follow the lattice direction. This remains true, though with somewhat increased losses, if the crystal is bent mechanically. Therefore a bent crystal can be used in place of a magnet to deflect a beam of charged particles. The phenomenon of channeling has been discussed extensively in the literature [2, 3, 4, 5] and has recently been reviewed in lecture form [6] , giving a complete set of references and a bibliography. Experimental studies, especially on planar channeling and bending, have been performed at various accelerators [7, 8, 9, 10] , notably with a beam of 450 GeV/c protons from the CERN SPS incident on a Silicon crystal [11, 12, 13] .
In principle, a bent crystal lends itself ideally as a beam splitter for the 450 GeV/c primary proton beam used to produce the two kaon beams. The part of the beam used to produce the K S is required to have a greatly reduced flux, within a well-defined emittance, and should be selectively deflected away from the accompanying background of charged particles. Section 3 discusses the theory of a novel application of this technique to derive the two beams. The mechanical construction and control of the bending 1 The parameter of interest is related to the measured double ratio of the K o → ππ decay rates: 
BEAM LAYOUT
The basic layout for the production of the two simultaneous, K L and K S beams is shown schematically, in vertical section, in Figure 1 .
Nominally, a flux of 1.5 ⋅ 10 12 450 GeV/c primary protons per SPS pulse are focussed onto a 2 mm diameter, 400 mm long Beryllium target, at a downward angle of 2.4 mrad, to produce the neutral, 'K L ' beam, which points horizontally towards the detectors. The target station is followed by a dipole magnet to sweep away charged particles. This magnet deflects the remaining primary protons (~ 6 ⋅ 10 11 per pulse) further downwards by 7.2 mrad, so that, at a distance of 10.95 m from the target, they are centred 72 mm below the K L beam axis. At this point the crystal is installed, with the purpose of selecting and deflecting a wanted, small fraction (~ 5 ⋅ 10 -5 , corresponding to ~ 3 ⋅ 10 7 per pulse) of these protons upwards by 9.6 mrad, so they can pass horizontally through a 2.4 mm diameter aperture in the subsequent beam dump/collimator. The majority of the protons, not channeled by the crystal or interacting in its holder, continue undeviated and are absorbed in the tungsten-alloy inserts of the dump/collimator at a (downward) angle and displacement of 9.6 mrad and 14 mm, respectively, from the wanted beam of protons.
Downstream of the dump, further dipole magnets deflect the wanted protons back onto the K L axis, allowing them first to be recorded by a system of 'tagging' counters with high space-and time-resolution [14] . In passing along the K L beam axis, the protons are refocussed by a series of four quadrupole magnets to a focal point 109 m downstream of the crystal. Before reaching this focus, they are again deviated away by dipole magnets to reach a point 72 mm above the K L beam. Here a second target (of similar dimensions to the K L target) is located to serve as source for the production of the 'K S ' beam. This beam is arranged to have a production angle of 4.2 mrad, in order to render the momentum spectrum of the detected K S decays as similar as possible to that of the K L over the chosen range (70 -170 GeV/c). The K S target is also followed by a dipole sweeping magnet, packed with tungsten-alloy inserts (in which the protons not interacting in the target are finally absorbed) and by a collimator defining a downward direction of 0.6 mrad and ending 6.0 m after the K S target. From here on, the K S beam and the ongoing K L beam emerge into a common decay volume, through which they pass 'simultaneously and nearlycollinearly', converging towards the principal detectors of the experiment, 114 m further downstream.
The proton and neutral kaon beams are transported in vacuum, over a length of ~ 250 m from the exit of the K L target station and finally passing through a central hole in the detectors of the experiment. The vacuum is only interrupted by thin windows separated by a 4.6 m long section of air at the location of the crystal and dump/collimator and by a pocket, which houses the tagging counters on the proton beam used for the K S (as indicated in Figure 1 ).
THEORY OF THE BENT CRYSTAL APPLICATION
Generally, the deflection of protons by planar channeling through a bent crystal has been studied with a beam of small divergence, incident perpendicularly onto one end and exiting from the other end of the crystal, which has been curved about an axis perpendicular to the beam direction. In that case the emittance of the deflected beam is only restricted in the plane of deflection, by the thickness of the crystal and by the critical angle for planar channeling (~ ± 7 µrad for the 110 planes of Si at 450 GeV/c). With a highly parallel beam, transmission efficiencies of ~ 10 -1 for deflections of ~ 10 mrad have been observed [11, 12, 13] .
In the present application, a transmission efficiency of only < 10 -4 is required. The beam diverges onto the crystal from a focal point (at the K L target) 10.95 m upstream. In order to transport the deflected beam cleanly via the tagging counters onto the K S target, it is important to limit its emittance in both the horizontal and the vertical (bend) plane. Moreover, a robust method is sought to fine-tune the angle of deflection of the protons through the crystal, without being sensitive to heating induced by the incident beam in a region intended to be exposed to ~ 10 12 protons/cm 2 per pulse (of 2.4 s duration every 14.4 s) and an integrated fluence per year of up to ~ 10 18 protons/cm 2 2 .
These considerations led to the adoption of a design for the crystal mounting which is described in detail in the next Section. The guiding principle is to use a crystal which is bent through a fixed total angle (θ o ) greater than that required for the beam. The crystal is then rotated through an azimuthal angle ± ϕ (about a vertical axis), such that the beam impinges on one side edge, traverses the crystal diagonally and exits from the opposite edge, as shown schematically in Figure 2 . The fractional length of the bent crystal traversed and hence the angle of (vertical) deflection, θ, of the beam is then governed by the angle of rotation, ϕ, which can be adjusted smoothly. 2 A recent review of radiation damage studies suggests that deterioration of the channeling properties of Si crystals exposed to high-energy protons may set in only at an integral fluence > 10 20 protons/cm 2 [15] .
Furthermore, the vertical inclination (y') of the planes encountered along the crystal edge depends on the transverse (horizontal) point of incidence of the beam (x co-ordinate), such that the crystal channels and deflects protons with a well-defined ratio ∆y'/∆x . This introduces a coupling between the angle in the vertical plane for channeling to occur and the horizontal position co-ordinate at the crystal, which in turn is correlated to the horizontal divergence (x') of the beam. The result is an outgoing beam, which is defined in BOTH planes.
The co-ordinate system and geometry of the bent Silicon crystal 3 are defined in Figure 2 . The principal geometrical parameters, the formulae from which they are derived and their chosen design values are listed in Table I . The essential properties related to channeling in the Silicon crystal are summarised in Table II . Figure 3 illustrates the propagation of the typical proton beam phasespace in the vertical (y, y') and horizontal (x, x') planes -from the focus at the K L TARGET to the CRYSTAL, and thence selected by the crystal 4 and transmitted downstream to the tagging counters (TAGGER). The proton beam transport has also been simulated using the Monte Carlo programme 'DECAY TURTLE' [16] . This was modified to include the cuts on the beam phase-space, in both position and angle co-ordinates, due to the crystal acceptance for channeling. Comparisons of the predicted and measured transmission and profiles of the beam onto the tagging counters are presented in Sections 5.3 and 5.4, respectively. 3 The choice of crystal material to be Silicon was based on the relative ease of growing a large mono-crystalline ingot, from which a series of similar crystals could be cut parallel to the uniformly-spaced (110) planes. Moreover, we could profit from the experimental data already obtained with similar crystals [11, 12] . For the purpose of minimising interactions of protons in the crystal, a material of relatively low atomic weight and density is advantageous. 4 The fraction, f, of the beam emittance falling within the crystal acceptance for channeling may be estimated from Figure 3 to be :
where t = 1.5 mm, ∆x/∆y' = 1.64 mm/mrad (Table I) , ψ ≈ 0.007 mrad (Table II) 
MECHANICAL CONSTRUCTION AND CONTROL
The bending device, on which the crystal is mounted, is shown in Figure 4 . Its design is based on the following considerations :
i)
The bending device is constructed from a solid block of aluminium, precisely machined to have a cylindrical face of the wanted radius of curvature (3.00 m) for the crystal. Aluminium is chosen as a relatively low-density material, of mechanical and thermal properties close to those of the silicon crystal itself and which lends itself to precise machining. Moreover, its high thermal conductivity serves to disperse the local heating produced by the incident beam in the crystal and in the adjacent part of the block 5 .
ii) The crystal is pressed against the curved surface of this block by two cylindrical rollers, so as to avoid transmitting any tangential component of force to the crystal. The rollers are situated close to each end, touching only parts of the crystal which are in principle not traversed by the beam.
iii) The force applied to each roller (~ 2 kg) is designed to be only moderately greater than that required to bend the crystal (elastically) into contact with the cylindrical face of the aluminium block 6 . The force is adjusted by means of screws fitted with spring washers, which transmit a known force when compressed 7 .
The crystal holder constitutes a robust, radiation-hard and easilyexchangeable unit, which is pinned and screwed onto a goniometer, shown in Figure 5 . This is equipped with computer-controlled, motorised movements 8 and corresponding position-sensitive captors, which allow displacements to be 5 For the nominal flux of~ 6 ⋅ 10 11 protons per pulse striking the crystal and its holder every 14.4 s, the increase in temperature of the aluminium block is estimated to be ~ 10 -2°C per pulse to reach an equilibrium increase (with cooling by natural convection and radiation) of ~ 3°C. The temperature can be monitored by a thermo-couple set into a hole in the block. During the present beam test at ~ 1/5 th of nominal flux, no significant temperature increase was observed (< 1 °C ). 6 Earlier tests showed the destructive action of applying excessive localised pressure to the part of the crystal used for proton channeling [17] . 7 The curvature of the crystal could be checked after mounting, by recording, as a function of position, the change in angle of a laser beam reflected off its (polished) surface. Over the central region of interest, it was found to agree with the nominal radius of curvature to within ~ 5%. 8 The motorised goniometer used was manufactured by OWIS GmbH, Staufen, Germany. A radiation-resistant execution is being equipped with motors from PHYTRON-Elektronik GmbH, Gröbenzell, Germany, rated to withstand an integrated dose of 10 8 Gray, (~ 100 times the dose expected in the course of the experiment).
made and controlled in four co-ordinates, with the following ranges and minimum step sizes :
i) Horizontal, transverse displacement, x : -141 mm (out of beam) < x < +11 mm, ∆x = 0.03 mm;
ii) Vertical displacement, y : -5 mm < y < + 9 mm, ∆y = 0.01 mm;
iii) Horizontal, azimuthal angle (about a vertical axis), ϕ : -35 ° < ϕ < + 35°∆ϕ = 0.01°; iv) Vertical angle of inclination (about a horizontal axis transverse to the crystal), α : -160 mrad < α < +160 mrad, ∆α = 0.04 mrad.
The whole goniometer ensemble is constructed from radiation-resistant components. It rests in turn on a massive, pre-aligned, plug-in base, onto which it is lowered and guided by means of a locally-controlled, rack-and-pinion lifting device. This allows the exchange of crystal holders or any intervention on the goniometer to be made with the ensemble raised to the top of the shielding blocks, which surround the beam.
TUNING AND RESULTS

Beam Tuning
Before the crystal co-ordinates can be tuned, the primary proton beam, previously steered in position and focussed onto the K L production target, has first to be steered in direction. This was performed by defining a pencil beam, with collimators upstream of the K L target, which followed the central trajectory of the full beam and had a flux reduced to ~ 10 7 protons per pulse, (comparable to the flux required to produce the K S beam). By making calculated changes to the strengths of the dipole magnets : BENDs 1, 2 and 3 ( Figure 1 ), this pencil beam was brought to follow a trajectory ("A" in Figure 1 ), which by-passed the crystal in the vertical plane. The (mobile) beam dump/collimator was also moved upwards by the calculated displacement. Upstream dipole magnets were then used to pivot the beam about the centre of the K L target. It was steered in direction in both the horizontal and vertical planes, so as to maximise the relative flux passing through the aperture in the beam dump/collimator and counted on a scintillation counter (TRIG), located at the downstream end of the K L neutral beam line 9 .
The strengths of BENDs 1, 2 and 3 and the position of the beam dump/collimator were reset to follow the nominal beam trajectory ("C" in Figure 1 ). The full-emittance proton beam was then re-established, with its flux restricted to between 2 and 4 . 10 11 protons per pulse, so as not to saturate the beam counters used. This beam was used to tune the crystal.
Crystal Tuning
Starting from the nominally aligned settings (see Table III ), an iterative search to find the optimum settings of the crystal goniometer positions and angles was then undertaken.
An example of this procedure is described and commented below and the results obtained are illustrated in the sequence of Figure 6 a) -e) :
The channeling condition was sought by scanning the crystal vertical angle, α (in steps of ∆α = 0.2 mrad), and counting the flux of particles reaching the TRIG counter normalised to the flux of protons incident at the K L target, (Figure 6 a) ). The central setting, α = + 6.2 mrad, was selected.
ii) The vertical beam deflection angle (θ) was varied by scanning the crystal angle in the horizontal plane, ϕ (in steps of ∆ϕ = 0.2°, corresponding to ∆θ = -0.1 mrad), (Figure 6 b) ). The setting ϕ = + 30.0° was selected.
A tail in the distribution is seen towards low values of ϕ . It was interpreted as being due to protons leaving the edge of the crystal beyond the roller at its downstream end, where the crystal ceases to be curved against the holder (Figure 2 ). This observation, together with the off-set in α found with respect to 5.5 mrad ( Table I ), suggested that the horizontal position of the crystal should be displaced by :
iii) The crystal was in fact displaced horizontally by + 2.0 mm (see below) and the vertical angle, α , was rescanned (Figure 6 c) ). The full width of the distribution is given by the horizontal size of the beam at the crystal 9 For this and the subsequent exercises, the K L beam was blocked at the beam dump/collimator and the refocussing quadrupoles and the downstream deflecting magnets of the proton transport to the K S target were switched off.
(δx ≈ 2.0 mm) that can pass through the 2.4 mm diameter aperture in the following beam dump/collimator, via the relation : δα = 1/cos ϕ ⋅ ∆y'/∆x · δx ≈ 1.4 mrad.
The setting α = + 4.7 mrad was selected.
iv) The vertical position, y, was scanned (in steps of ∆y = 0.4 mm), (Figure 6 d) ). The full width of the distribution is given by the sum of the thickness of the crystal (t = 1.5 mm) and the height of the beam (δy ≈ 2.0 mm) that can pass through the beam dump/collimator aperture : t + δy ≈ 3.5 mm.
The central setting, y = -1.5 mm was selected.
v) The horizontal angle, ϕ, was then rescanned (Figure 6 e)). We note that the tail seen in The similarity of this value of α to that found under iii) above indicates that the horizontal position of the crystal had been well centred.
The two sets of settings obtained with this crystal are summarised in Table III. 
Transmission
With either of the settings of the crystal found above, a transmission to the tagging counters (and thence to the TRIG counter) of ~ 4 ⋅ 10 -5 of the protons incident onto the K L target was recorded. This corresponds to ~ 1.0 ⋅ 10 -4 of the protons leaving the target and impinging onto the crystal and its holder. Taking into account the phase-space of the incident beam and the crystal acceptance shown in Figure 3 and simulated by Monte Carlo calculation (see Footnote 4) to Section 3), it represents ~ 0.15 of those protons falling within the the critical angle for channeling with respect to the crystal planes. The transmission found is thus in fair agreement with other measurements [11, 12, 13] and with theoretical expectation [5, 6] , taking into account a crystal surface transmission, S ≈ 0.7, and a transmission factor due to dechanneling through the bent crystal of η ≈ 0.2 (see Table II ).
As indicated in Section 2, the experiment nominally requires a fraction of 5 ⋅ 10 -5 of the protons leaving the K L target to be transmitted and deflected via the tagger onto the K S target.
The overall transmission can be varied (reduced) by increasing the horizontal extent of the beam incident onto the crystal. In fact, the beam optics leading to the K L target had already been arranged to give a large (factor 3) magnification in horizontal divergence of the beam at the target, in order to limit this transmission. A further, convenient way to reduce the transmission was found in pivotting the whole beam in horizontal angle about the K L target. This lowers the local intensity of protons striking the crystal over the small horizontal extent found to correspond to conditions for channeling.
With the crystal settings found for ϕ = + 30.1˚ (Table III) , the relative flux of protons transmitted onto the tagger was recorded as a function of the current in a steering dipole magnet, located at a horizontal intermediate focus of the proton beam upstream of the K L target. This scan is shown in Figure 9 . The current in the magnet relates directly to the angle in the horizontal plane of the trajectory of the beam at the K L target and hence to its displacement onto the crystal. Thus Figure 9 represents a horizontal profile of the beam, with the crystal transmission used to measure the relative intensity at each point. The transmitted flux was maximum for the setting P, for which the profiles of the beam obtained at the wire chamber, MWPC, are shown in Figure 10 a) . It was demonstrated that the flux could be tuned (reduced) without affecting the beam quality significantly 10 . The nominally required transmission was attained with setting Q, for which the corresponding beam profiles, shown in Figure 10b ), have similar widths and centres to within, respectively, ~ ± 5 % and ~ ± 2 mm (corresponding to < ± 0.01 mrad variation in angle from the crystal ).
Second Crystal
Towards the end of the beam studies, the crystal used for the above measurements was replaced by a second, similar crystal, mounted in its own holder. A similar tuning procedure was followed and the goniometer settings found are given in Table IV . The relative transmission observed was found to be comparable within ~ ± 10 % to that observed with the first crystal, as were the shapes and widths of the beam profiles. Those obtained with the crystal settings found for ϕ = -27.5˚ (Table IV) are shown in Figure 11 .
With the same settings of the second crystal, furthermore, the profiles of the protons were recorded at the position where they have to be tagged. For this purpose, a scintillating-fibre hodoscope [18] was constructed and installed immediately preceding the TAGGER. The profiles obtained at this position are shown in Figure 12 , for the nominal ratio of protons to the K L and K S targets. The shapes and widths of these profiles compare well with those derived from Figure 3 and from Monte Carlo simulation of the crystal acceptance, (see Section 3).
CONCLUSIONS
The principle of bent crystal channeling has been applied in a novel technique to produce simultaneous, nearly-collinear beams of long-and shortlived neutral kaons to the CP-violation experiment NA48.
The technique offers a unique combination of features, essential to that experiment :
The flux of the transmitted beam is reduced by more than four orders of magnitude, without the deterioration of beam quality usually associated with the processes of attenuation and tight collimation. 10 It is important for the experiment that the ratio of K S to K L beam fluxes remains roughly constant during each pulse. This 'detuning' of the proton beam onto the crystal renders the K S flux sensitive to time-variations in the angle of the primary beam extracted from the SPS. It is therefore planned to monitor the K S and K L beam fluxes in intervals of time and to use their ratio to adjust the current in the steering magnet via a feed-back loop.
ii) The resulting beam automatically has a small, well-defined emittance in BOTH planes.
iii) The wanted beam is selectively deflected in the desired direction, without cancelling the effect of the preceding sweeping magnet on all unwanted charged particles 11 .
These features have been proved in the course of beam studies carried out in 1994. The principal results, presented in this report, bear out the basic capability of the bent crystal to meet the stringent beam requirements of this experiment.
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In fact, simulation, using the programme 'HALO' [19] , has shown that a dipole magnet of the same bending power (14.4 T.m) in place of the bent crystal would lead to a ten-fold increase in the flux of background muons through the NA48 detectors. 
Dechanneling length in straight crystal [6] l o ≈ 0.8
Dechanneling length in bent a) TRIM 5 Current = -22 A (Setting P in Figure 9 ), corresponding to maximum proton transmission to the K S target; b) TRIM 5 Current = -12 A (Setting Q in Figure 9 ), corresponding to nominal proton transmission to the K S target. 
